The influence of mechanochemical treatment of sintered submicrocrystalline corundum substrates on the structure of bioglass composites 
cells (osteoblasts)
, which leads to mineralization of the bone tissue. Barrere observed and interpreted changes on the surface of corundum and TiO 2 after immersion in the simulated body fluid solution (SBF) [7] . There is little information on an electric charge which arises on surface layers of glassy biocomposites as a result of reaction with the tissue fluid and electromagnetic radiation. Szarska et al. [8] [9] [10] examined the influence of external factors (deformation, ionizing radiation, low temperatures) on surface transport processes in bioglassy composites. Ślósarczyk et al. [11] examined the effect of addition of calcium and magnesium phosphates as microstructure modifiers of bioactive multifunctional ceramic materials. The influence of CaO and MgO on physico-mechanical properties of the corundum biomaterials was studied by Jaegermann et al. [12, 13] .
The glasses of the CaO-SiO 2 -P 2 O 5 are characterized by a much higher biological activity compared to metals, carbon and oxides, such as corundum, which, being biologically inert, in turn is far more biocompatible. These glasses have both appropriate chemical composition and surface activity to enable the physiological environment to react selectively with some of their constituents to combine the surface with live tissue.
Below the effect of mechanochemical treatment (high-energy milling) of sintered submicrocrystalline corundum on the microstructure of a biocomposite formed is discussed.
Experimental Procedures
Input materials. Submicrocrystalline sintered corundum. Submicrocrystalline sintered corundum grains were supplied by the 3M Company.
This material is sintered α-Al 2 O 3 having an ultradispersed structure obtained by transforming the sol into the magnesia-modified gel. This results in a specific structure of short Al 2 O 3 needles separated by microthreads of MgAl 2 O 4 . The material properties were as follows [14] :
-density -3.9317 g/cm 3 ; -microhardness -17-21 GPa; -compressive strength -22 MPa; -fracture toughness -approx. 4 MPa⋅m 1/2 ; -Young's modulus -362 GPa. The corundum grains of the input granulation were milled for 5, 10, and 15 h in a Fritsch Pulverisette 6 planetary ball mill in ethanol using agate balls. The total mass of the submicrocrystalline sintered corundum grains was 50 g and the ball to powder ratio was 10:1. This mechanochemical treatment (high-energy milling) increases the material specific surface area, changes the material structure, generating dislocations and point defects, which favor microarea reactivity. A small quantity of powder was taken from the mill chamber after milling during 5, 10, and 15 h to make analyses.
Measurements of specific surface area were made with a Micrometric ASAP 2010 apparatus using the physical adsorption of nitrogen method at 77 K. Analysis of the size composition was made in Micromeritics Sedigraph 5.100 X-ray Analyzer using 0.5 % sodium pyrophosphate solution as a sedimentation liquid. X-ray examination of cubitron after milling was conducted in a Philips diffractometer with a cobalt source in 2θ range of 10-90°. SEM examinations of the milled submicrocrystalline sintered corundum as well as of the bioglass composites were carried out under a Jeol 64 LV scanning microscope in a low vacuum.
The CaO-SiO 2 -P 2 O 5 glass system, the gel. The chemical composition of the glass system is given in Table 1 . The order in which the chemicals were added and times of mixing [2, 3] are shown in Fig. 1 . The basic composition of hydrolysate with the addition of Ca(NO 3 ) 2 *4H 2 O and OP (C 2 H 5 ) 3 was stirred with a magnetic stirrer. Simulated body fluid. SBF is a synthetically produced physiologic saline solution imitating natural plasma, in which a balance is maintained between concentration of H + and OH -ions, with the pH being approximately 7.3 (Table 2 ) [5] . Action of the SBF solution on bioactive gel leads to the formation of hydroxyapatite, which facilitates the formation of a permanent bond with the bone. The biocomposite. As-received and milled corundum grains were added to the hydrolysate in the ratio 1 : 0.028 and left under ambient conditions to be gelled, which occurred after 7 to 14 days depending on the quantity of water used. The gels were heater-dried at 60 °C for three days and then heated in an electric furnace at 800 °C for 2 h. During the heat treatment the remaining water (in the form of steam [4] ) and gaseous organic compounds (principally CO 2 ) were removed. Closure of xerogel pores also occurred. Biocomposite samples were immersed in SBF at 37 °C, held there for 24 and 120 h, and then examined under the scanning electron microscope. Thermodynamic calculations of the phase equilibria were based on the VCS algorithm.
Results and discussion. The specific surface area (S BET ) of submicrocrystalline sintered corundum grains grew by a factor of two, from 5.17 to 10.95 m 2 /g, as a result of the mechanochemical treatment (Table 3 , Fig. 2 ). This effect is illustrated in the size distribution plots (population curves): multimodal, curves 1 (5-hour milling) and 3 (15-hour milling), and monomodal, curve 2 (10-hour milling), and of mode and median values. Calculations of crystal sizes according to the Scherer equation showed reduction of sizes (Table 4 ) from 128.9 to 71.7 nm, which was also confirmed by scanning electron microscopy (Figs. 3, 4) . Samples of bioglass composites (after gelling and heat treatment) exhibited a macroscopically visible gradient structure (Fig. 5 ). For composites with unmilled grains, two layers were clearly visible: a lower layer, which was blue and contained grains of the submicrocrystalline sintered corundum, and an upper layer, which was white and constituted the bioglass (Figs. 6, 7) . Scanning electron microscopy showed that the finer the submicrocrystalline corundum, the more uniform was the composite (Figs. 8, 9 ). A biocomposite sample of unmilled grains in the lower part (defined as the surface) contained principally Al, O and traces of Ca, P and Si. In the upper layer calcium, phosphorous, silicon, traces of aluminum and carbon, which confirmed the possibility of forming calcites were visible. The "upper side" of all the composites showed the clearly defined crackins, the main reason for which was an increase in the capillary pressure of the liquid in gel pores and an increase in the surface tension of the liquid-steam system. As the capillary pressure gradient developed in the sample volume due to the limited transport of liquid accumulated in pores, the unequal stress distribution resulted in cracking the material. Fig. 8 . Photograph of the bioglass composite with the submicrocrystalline sintered corundum after 10-hour milling. So that crystallization of hydroxyapatite could occur on the biocomposite surface, certain conditions had to be satisfied:
-the solution in direct contact with the biocomposite surface should be saturated with calcium ions in relation to hydroxyapatite; in the case of glass, the source of calcium ions was the glass phase; -surface charge should be negative, silica gel, which forms on the biocomposite surface, possesses such a charge; -in the surface layer there should be areas favorable for nucleation of hydroxyapatite; hydroxyl groups are such places; -crystallization of hydroxyapatite on the material surface is only possible when Si-OH groups are present in the surface layer. This in turn is possible when the heat treatment temperature does not exceed 900 °C; -crystallization of hydroxyapatite, which favors maintenance of sterile conditions in the process of making the samples.
Various combinations of calcium and phosphorus oxides provide a large variety of calcium phosphates, which can be classified according to the type of the phosphate anion: ortho-(PO − n n . In the Ca(OH) 2 -H 3 PO 4 -H 2 O ternary system [8] there are eleven known non-ionsubstituted calcium orthophosphates with the Ca/P molar ratio within 0.5-2.0. Molar ratios indicate: 1.0 -dicalcium phosphate dehydrate; 1.2-2.2 -amorphous calcium phosphate; 1.5-1.67 -calcium deficient hydroxyapatite, and 1.67 -hydroxyapatite [15] .
SEM observations demonstrated that a 24-hour immersion in SBF resulted in the formation of calcites and various types of calcium phosphate (Ca/P molar ratio ≤ 1). After a 5-day immersion, on the surfaces of biocomposites containing unmilled and milled for 10 h cubitron grains, hydroxyapatite appeared, as was evidenced by the Ca/P molar ratio of 1.5-1.7 in selected points (Fig.  10) In the remaining samples, most probably, calcium phosphate crystallized on the biocomposite surface.
The chemical stability of bonds between submicrocrystalline sintered corundum and components of the CaO-SiO 2 -P 2 O 5 glass system was examined by calculating the thermodynamic potential by the VCS algorithm method which considers the stability of all reaction products [16] . Calculation of equilibrium was conducted for glass composites at 310 K (37 °C) at atmospheric pressure. Molar ratios of components were adopted as their actual values. The method used was of minimization of the thermodynamic potential of the whole mixture. Such calculations do not require specifying the reactions and their number, through which the system reaches equilibrium; it only requires specifying the substances, which could exist in the reaction, but did not. Out of 46 possible reaction products, only Al 2 O 3 , Al 2 SiO 5 , Ca 3 (PO 4 ) 2 and CaAl 2 Si 2 O 8 turned out to be thermodynamically stable. The presence of them was confirmed by Xray analysis (Table 4) .
Conclusions
Based on the investigation carried out so far the following can be concluded: The degree of size reduction of submicrocrystalline sintered corundum has a significant influence on the uniformity of bioglass composites. 1 to 6 vol%). Further milling did not change the submicrocrystalline sintered corundum.
Gradient bioglass composites can be produced by immersing corundum grains in the sol of CaO-SiO 2 -P 2 O 5 glass system, gelling and sintering at 800 °C. But the finer the submicrocrystalline sintered corundum grains, the more homogenous the composite.
Calculations of the thermodynamic stability of bioglass composites based on the VCS algorithm showed that only four compounds (Al 2 O 3 , Al 2 SiO 5 , Ca 3 (PO 4 ) 2 , CaAl 2 Si 2 O 8 ) out of 46 possibilities were stable. The presence of them was confirmed by the X-ray analysis.
Immersion of samples of bioglass composites in the SBF solution for 24 h caused the appearance of calcites. After immersing the samples in the SBF solution for 5 days hydroxyapatite appeared on composite samples of two types. Those were unmilled grains of submicrocrystalline sintered corundum and samples milled for 10 h. The latter were of Ca/P molar ratios of 1.5, 1.7, 1.6, 1.7 at different points on the surface.
